Wave breaking and air bubble generation by a 2-D cylinder moving beneath a free surface were experimentally investigated. Measurements of the free surface profile and visualization of the air bubbles yield the threshold and the regime diagrams of the bubble generation, which depend on the cross-sectional shape of the cylinder, Reynolds number, effective Froude number, normalized depth of the cylinder and angle of attack. As the Reynolds and Froude numbers increase, the surface deformation becomes substantial in the downstream of the cylinder. A breaking wave with air entrainment occurs when the ratio of the wave height to the wave length is greater than ∼0.1. Our results provide useful information for design of facilities such as marine constructions and a hydrofoil air pump for drag reduction of ships.
Introduction
Although our knowledge is extensive on the flow past a cylinder in an infinite fluid (1) - (4) , our understanding of the flow behavior around a cylindrical body close to a free surface is relatively poor (5) , (6) . The latter situation is common in practical applications such as underwater pipe-lines, marine constructions and hydrofoil vessels. Recently, we have invented a hydrofoil air pump called the Winged Air Induction Pipe (WAIP), which generates microbubbles to reduce the drag of ships (7) , (8) . This device utilizes a low-pressure region produced above the hydrofoil as the ship moves forward, which drives atmospheric air into the water. However, the fundamental flow physics of this process has not been clarified yet because of extremely complicated phenomena, such as the free-surface effect on lift forces of the hydrofoils (9) , (10) , air entrainment through the air-water interface, and bubble generation (11) . All of these are expected if the free surface comes close to the hydrofoil of the WAIP. Hence, we conduct initial experiments to investigate the fundamental flow behavior of a two-dimensional (2-D) body moving beneath the free surface. In this paper we report a series of towing tank experiments aimed at understanding the following aspects of flow behavior close to the free surface: magnitude of the free surface deformation, threshold of air entrainment, and bubble generation by a submerged 2-D body (circular and elliptic cylinders) moving at a constant velocity. Knowledge about the fundamental flow behavior would help us to optimize the hydrofoil air pump for ship drag reduction. Figure 1 shows a sketch of our experimental setup. The experimental tank (500 × 500 × 5000 mm) was filled with tap water. A circular cylinder (diameter d=20 mm, span-wise length L=350 mm) or an elliptic cylinder (major axis l=50 mm, minor axis d=10 mm, spanwise length L=400 mm) was submerged in the water at a depth of h and towed by a linear servo actuator (N15SS, IAI, Shizuoka, Japan) at a constant velocity (U 0 ). To observe the fluid motion around the 2-D cylinder, we added tracer particles (DIAION, Mitsubishi Chemical, Tokyo, Japan, specific gravity = 1.01, mean diameter φ ∼ 90 μm) to the water. We also seeded lighter tracer particles (Flo-Beads, Sumitomo Seika, Osaka/Tokyo, Japan, specific gravity = 0.919, mean diameter φ ∼ 180 μm) to visualize the air-water interface. The tank was illuminated by a 2-D light sheet (metal halide lamp and cylindrical lens) at the middle of the tank, and the deformation of the air-water interface at the center of the cylinder (z-x plane) was monitored by a high-speed video camera (Photron FASTCAM-MAX. 250 ∼ 1000 fps). We also measured the deformation of the air-water interface from above by using a commercial digital camera (CASIO, EX-F1) which moved together with the cylinder. The tracers on the water surface were illuminated by a metal halide lamp whose light intensity was weak enough not to disturb the images of the high-speed camera. Figure 2 shows the flow configuration for our problem. For a cylinder moving at a constant speed U 0 in an infinite fluid, the Reynolds number is defined as
Experimental equipment and parameters
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where d and ν are the characteristic length scale (e.g. diameter of the cylinder) and kinematic viscosity of the fluid (water), respectively. We varied the values from 1900 to 19300 for circular cylinders and from 900 to 14500 for elliptic cylinders. For a cylinder moving be-Science and Technology Vol.6, No.6, 2011 Fig . 3 Snapshots of circular cylinders (d=20 mm) at different conditions neath the water surface, the flow behavior is also influenced by the following non-dimensional parameters.
-Effective Froude number,
where ρ, g and h are the density of the water, the gravitational acceleration and the water depth, respectively (circular cylinders: 0.1 < Fr h < 7.75; elliptic cylinders: 0.1 < Fr h < 7.5).
Note that the density difference Δρ = (ρ − ρ air ) ∼ ρ when ρ >> ρ air .
-Gap ratio,
We changed the value from 0.1 to 7.75 for circular cylinders and from 0.1 to 7.5 for elliptic cylinders.
-Viscosity ratio,
where ν air is the kinematic viscosity of the air. This ratio is about 17 in our experiments.
-Weber number,
where s and σ are the characteristic length scale (e.g. air bubble size) and interfacial tension between air and water, respectively. In our experiments, the observed bubble size was the order of 0.1-10 mm. For instance, the Weber number is about 14 for a bubble with a diameter of 1 mm and U 0 =500 mm/s. Figure 3 shows snapshots of circular cylinders at different conditions. As the towing velocity U 0 increases (Re d increases), the magnitude of the water-surface depression w behind the moving cylinder increases. The waveform behind the cylinder becomes unstable and a breaking wave occurs on the forward face of the wave (Fig. 3d, 3e, 3g, Fig. 4 ). Once the breaking wave occurs, the atmospheric air is entrained and small bubbles are created. Because the wavelength behind the cylinders increases with the towing velocityU 0 (Fig.  3g-i) , the depression behind the moving cylinder w could not be measured from an instantaneous image of the high-speed video. Hence the depression w was measured from a z-x image converted from a spatio-temporal slice (z-t image) at the position of the high-speed video camera (Fig. 4b) . Figure 5 represents a three-color RGB image constructed from three images of the spatio-temporal slice at different position. In the case of no bubble generation (Fig. 5a) , three RGB lines are overlapped each other (R+G+B=White): the wave is steady state. When the bubble generation occurs, we could observe the unsteady behavior (Fig. 5b ) that could be produced by 3-D nature of the turbulent flow. However the depression w (indicated by the arrow in Fig. 5 ) is relatively steady and the error of w is within 2.4%. Figure 6 shows the depression w, which was measured from the image data of the water surface profile, as a function of U 0 at varying depth h. For small disturbance of the air-water interface, the depression w can be described at first order as the kinematic energy (ρU As shown in Fig. 6 , the experimental results have a good agreement with Eq. (6) for small w (w <∼10 mm, U 0 <∼400 mm/sec). However, the discrepancy between the measured data and Eq. (6) is apparent when the breaking wave with bubble generation occurs. With the increase of U 0 , the depression w approaches a constant value which seems to depend on h. Figure 7 shows a regime diagram for a breaking wave with bubble generation by the moving cylinder beneath the water surface. The threshold of bubble formation by the breaking wave depends on Re d , Fr h , and normalized depth of the cylinder (a = h/d). Figure 8 shows snapshots of elliptic cylinders at different conditions. Although the free surface depression w increases with U 0 as in the case of the circular cylinder, the breaking wave with bubble generation was observed only in the case of moderate Re d (Fig. 8d-f ) in our parameter range. By comparing with the images of circular cylinders, the bubble generation rate by the elliptic cylinder seems to be smaller than that by the circular cylinder.
Experimental Results and Discussion
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Elliptic cylinders
The regime diagram of the bubble generation for the elliptic cylinders is shown in Fig. 9 . The bubble generation by the breaking wave occurs in the range of ∼4000 < Re d < ∼6000. 
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Effect of angle of attack
The surface profile of the air-water interface behind the moving 2-D body is strongly influenced by the angle of attack θ. In Fig. 10 , all the experimental conditions are the same (U 0 =580 mm/sec, h=5 mm) except for the angle of attack θ. For θ= 0
• , bubble creation by a breaking wave is modest at this condition (Fig. 10b) . For θ = +10
• (Fig. 10a) , the depression w becomes large because the flow over the elliptic cylinder tends to attach to the wall of the hydrofoil. As a result, the slope of the forward wave behind the cylinder becomes steeper and vigorous bubble generation by the breaking wave occurs. On the other hand, no bubble generation occurs when θ = -10
• because the slope becomes gentle (Fig. 10c) . Figure 11 shows typical surface profiles for circular and elliptic cylinders. The depths of the cylinders are similar (circular cylinders: h=21.9 mm, elliptic cylinders: h=25 mm). Note that the shape of cylinders shown in Fig. 11 is elongated in the vertical direction (z) because the horizontal scale (x) is reduced. In the case where wave breaking occurs (Re d =10000, Science and Technology Vol.6, No.6, 2011 12000, 14000, and 16000 for the circular cylinder and Re d =5000 and 5400 for the elliptic cylinder shown in Fig. 11 ), the slope of the forward wave becomes steep. Figure 12 shows the wave steepness (the ratio of the wave height to the wave length) as a function of Re d .
Threshold of breaking wave and wave steepness
Although the observed wave steepness shows ambiguity because of the unsteady nature of the turbulent flow by bubble generation (Fig. 5b) , the breaking wave with the bubble entrainment occurs when the ratio is greater than ∼0.1. This value is similar to the steepness of a breaking ocean wave (12) .
Conclusions
We have explored laboratory experiments on free-surface waves generated by two dimensional bodies (circular and elliptic cylinders) moving at a constant velocity U 0 beneath an air-water interface to understand the fundamental fluid dynamic behavior on the marine constructions and the hydrofoil air pump WAIP. Measurements of the free surface profile and visualization of the air bubbles yield the threshold and regime diagrams of the bubble generation, which are described by the cross-sectional shape of the cylinder, Reynolds number Re d , effective Froude number Fr h , and normalized depth of the cylinder a. As Re d and Fr h increase for circular cylinders, the surface deformation becomes substantial in the downstream of the cylinder and a breaking wave with air entrainment occurs. Bubble generation by the breaking wave is also observed in the case of the elliptic cylinder although the condition for bubble generation in the Re d -Fr h regime diagram is different from that observed for the circular cylinder. For both cylinders, the breaking wave with bubble generation occurs when the ratio of the wave height to the wave length is greater than ∼0.1, which is similar to the threshold of breaking waves observed in the ocean. The phase diagrams for bubble generation obtained in this study provide useful information both for optimization of the hydrofoil air pump for effective bubble generation and for the design of marine constructions. Science and Technology Vol.6, No.6, 2011 The profiles with solid symbols denote experiments in which wave breaking with bubble generation was observed. The ellipses shown in (a) and (b) represent the position of the circular cylinder and that of the elliptic cylinder, respectively. Note that the horizontal scale (x) is reduced. Fig. 12 Ratio of the wave height η to the wave length λ. Open and closed symbols denote non-existence and existence of bubble formation, respectively.
